Abstract -We thoroughly investigate the electromagnetic response of intelligent functional metasurfaces. We study two distinct designs operating at different frequency regimes, namely, a switch-fabric-based design for GHz frequencies and a graphene-based approach for THz band, and discuss the respective practical design considerations. The performance for tunable perfect absorption applications is assessed in both cases.
I. INTRODUCTION
Metasurfaces are artificial two-dimensional materials comprised of subwavelength inclusions, so-called metaatoms. By engineering the meta-atoms, one can provide a broad range of functionalities [1] . While most metasurface designs target one specific and non-tunable functionality (e.g. perfect absorption for a specific polarization, wavelength and incidence angle), for many applications it is highly desirable to have tunability and multifunctional features. This can be achieved by introducing globally-tunable materials such as voltage sensitive graphene or locally-tunable elements such as a diode [2] . For example, with diodes, programmatically controlled locallytunable metasurfaces with discrete control of the reflection phase have been demonstrated [3, 4] . Going one step further, achieving continuous control of both reactive and absorptive properties of each meta-atom through an interconnected network of smart controllers can lead to intelligent metasurfaces, implementing a wide range of reconfigurable, diverse functions [5] . The properties of reflective metasurfaces can be described by the effective surface impedance, which consists of the reactive part and the resistive part. Therefore, the realization of the intelligent metasurfaces requires the local control of both reactance and resistance of the metasurface. In this work, we discuss two distinct designs operating at two different frequency regimes in reflection, with the use of RC loads and graphene. The performance for tunable perfect absorption applications is thoroughly assessed and the practical challenges are discussed.
II. SWITCH-FABRIC DESIGN FOR GHZ FREQUENCIES
The simplest way of controlling both the reactance and resistance is to include two lumped elements R (resistor) and C (capacitor) in the meta-atoms. To achieve the selective tuning of R and C, we use customized controller chips in which R and C are controlled with two control voltages. The proposed switch-fabric design of the intelligent metasurface is shown in Fig. 1(a) . The meta-atom, as shown in Fig. 1(b) , consists of copper patches on a metal-backed dielectric substrate (ε r = 2.2, tan δ = 9 × 10 −4 at 5 GHz), connecting with the controller chip through vertical vias. In order to save resources, each chip addresses four patches forming a composite unit-cell.
An important design consideration is the placement of the controller chip below the metallic backplane so that the electromagnetic waves interacting with the metasurface are left unaffected. Furthermore, in this way we do not have to adopt an exact physical description of the intricate, actual integrated circuit implementing the tunable R and C elements. As a result, we can separate the design of the electronics from the electromagnetic design of the unit cell. This is shown in Fig. 1(c) where the physical description of the chip is reduced to a parallel connection of lumped R and C elements. In this case, configuring the metasurface for a specific function amounts to specifying the R and C values uniformly or independently, depending on the desired functionality.
As an example, in Fig. 1(e) we specify the required R and C values for achieving perfect absorption (when the amplitude of the reflection coefficient |r| < −30 dB) at the frequency of 5 GHz. This lucidly demonstrates the ability to suppress reflection and perfectly absorb the incident wave for a broad range of incidence angles and both TE (xz incidence plane, E = E yŷ ) and TM (yz incidence plane, H = H xx ) polarizations by properly tuning the chip complex input impedance. Note that for perfect absorption all unit-cells are configured identically; however, our design retains the ability to independently configure each unit-cell which is necessary for other applications, e.g., anomalous reflection, wavefront shaping, etc.
In practice, the R and C elements can be implemented by applying appropriate bias voltages to field effect transistors in appropriate topologies (e.g., a varistor can be implemented by a MOSFET in common gate configuration). In order to adopt an accurate circuit description taking actual frequency dependance and parasitics into account, we can extract the circuit S-parameters (scattering matrix) and feed them into the electromagnetic full-wave simulation tools via discrete ports, as shown in Fig. 1(d) . The described procedure enables an accurate co-simulation of electronics and electromagnetics, guaranteeing realistic simulation results.
III. GRAPHENE-BASED DESIGN FOR TERAHERTZ FREQUENCIES
Another option for fabricating the intelligent metasurface is graphene, due to its gate-tunable electrical conductivity. However, the performance and tunability is restricted by the low achievable mobility of graphene in fabrication. This is due to the unavoidable charge impurities introduced by the substrate during the graphene transfer process, especially for CVD-grown graphene. The low quality of graphene results in its weak light-matter interaction. From the circuit perspective, low-quality graphene shows high effective shunt resistance (tens of thousands ohm per square) which is much larger than the characteristic impedance of surrounding space [6] . This severe impedance mismatch makes the graphene almost transparent for the incident waves (low absorption in graphene).
In order to achieve effective tuning, we introduce a metallic metasurface substrate below a continuous graphene layer, as shown in Fig. 2 [6] . In this way the high sheet resistance of graphene reduces to near the free space impedance (η 0 =377 Ω). On the other hand, it also acts as a high impedance surface which is necessary for the Salisbury-type absorber. Then, the performance can be tuned by changing the Fermi level. Here, instead of changing the reactance and the resistance at the same time, we demonstrate the individual modification as the first step, with tunable absorption functionalities.
Interestingly, the tunability of absorption depends largely on the mobility of graphene. For example, when the mobility is µ ≈ 1700 cm 2 V −1 s −1 , the frequency for total absorption can be tuned in a wide range (from 5 THz to 12 THz), as shown in Fig. 2(a) . However, if the carrier mobility is very low, at the resonant frequency, the effective resistance of graphene changes significantly when tuning the Fermi level of graphene. This rapid and controllable impedance mismatch makes it possible to create a highly efficient switchable absorber. As an example, we assume a very low mobility value for graphene (µ = 300 cm 2 V −1 s −1 ). Meandered gaps are introduced for reducing the large sheet resistance of such low-quality graphene, as shown in Fig. 2(b) . When tuning the Fermi level from 0.1 eV to 0.9 eV, the device switches from a perfect absorber to a reflector at 3.2 THz. 
IV. CONCLUSION
We are targeting to design and fabricate intelligent metasurfaces for electromagnetic wave applications. Due to the tunablility and multifunctionality capabilities, our intelligent metasurfaces can be exploited for a multitude of applications, such as smart antennas for wireless communication, EM energy harvesting, or holography. Furthermore, the concept of intelligent metasurfaces can be also extended to other wave applications, such as in acoustic and elastic waves. 
